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ABSTRACT 
Industrial activities produce lots of Cr (VI)-containing wastewater. This study presented 
a detailed work on direct Cr (VI) bio-reduction (i.e. Cr (VI) is reduced with organics as 
electron donor directly) by anaerobic sludge through both batch and long-term 
experiments. Effects of pH and initial Cr (VI) concentrations on direct Cr (VI) bio-
reduction activity were evaluated. The highest direct Cr (VI) bio-reduction rate was 
achieved at pH 8.0 at 104 mg Cr (VI)/g MLVSS/d (MLVSS: mixed liquor volatile 
suspended solids), corresponding to the highest protein release (124 mg/g MLVSS) and 
cell viability (71%). In contrast, the direct Cr (VI) bio-reduction rates were 46, 70 and 
82 mg Cr (VI)/g MLVSS/d, respectively, at pH 6.0, 7.0 and 9.0. Also, the direct Cr (VI) 
bio-reduction activity decreased by 74% when initial Cr (VI) concentration increased 
from 10 mg/L to 50 mg/L. The contribution of chemical adsorption to Cr (VI) removal 
was found to be negligible, whereas biosorption played a role in Cr (VI) removal 
although its role was insignificant. Indirect Cr (VI) bio-reduction (i.e. Cr (VI) is 
chemically reduced by sulfide produced from biological sulfate reduction) rate (990 mg 
Cr (VI)/g MLVSS/d) was faster than that (210 mg Cr (VI)/g MLVSS/d) of direct Cr 
(VI) bio-reduction, indicating that indirect Cr (VI) bio-reduction would dominate the Cr 
(VI) bio-reduction pathway if both Cr (VI) and sulfate were present. The direct Cr (VI) 
bio-reduction was then successfully demonstrated in an up-flow anaerobic sludge bed 
(UASB) reactor, where the Cr (VI) was completely removed with a Cr (VI) removal 
rate of 1.0 mg Cr (VI)/L/h. 454 pyrosequencing results revealed that direct Cr (VI) bio-
reduction related genera were Desulfovibrio, Ochrobactrum and Anaerovorax.  
Keywords: biological Cr (VI) removal; direct Cr (VI) bio-reduction; pH; microbial 
analysis; toxicity 
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1.   Introduction 
Anthropogenic release of chromium to the environment is most related to wastewaters 
discharged from industrial activities, such as electroplating, leather tanning, wood 
preservation and mine tailings. Although chromium could exist in nine valence states 
(i.e. -2 to +6), chromium primarily exists in the form of hexavalent (Cr (VI)) and 
trivalent (Cr (III)) in the nature. Cr (VI) compound is a known carcinogen and mutagen. 
Because of its toxicity, very stringent regulation has been imposed on the discharge of 
Cr (VI) to surface water. For instance, the regulatory discharge standard for Cr (VI) is 
below 0.05 mg/l according to the Environmental Protection Agency (USA) [1]. In 
contrast, the derivatives of Cr (III) are water insoluble at neutral pH, 100 times less 
toxic and 1000 times less mutagenic than Cr (VI). Therefore, reduction of Cr (VI) to Cr 
(III) is considered as a beneficial reaction in many Cr-contaminated environments [2]. 
 
Cr (VI) could be reduced to Cr (III) by either biological or chemical ways [3-9]. In spite 
of the extensive application in practice, chemical reduction requires energy input and 
large quantities of chemicals, resulting in the high cost but the low efficiency [10]. 
Alternatively, the biological reduction could be an economical process, because of low 
demand of energy and materials [11]. 
 
In the environment, Cr (VI) may be directly reduced enzymatically by a 
phylogenetically diverse group of microorganisms such as sulfate-reducing bacteria 
(SRB), i.e. Desulfovibrio-like species, which could get energy from Cr (VI) reduction 
[12]. The chromate anion (CrO42-) is highly soluble and therefore can overcome the 
cellular permeability barrier. Since its structure is similar to that of SO42- (both with four 
  
 4
tetrahedrally arranged oxygen atoms and two negative charges), CrO42- could also be 
directly reduced to Cr (III) (i.e. direct Cr (VI) bio-reduction) using organics as electron 
donor by the cytochromes of SRB, as shown in Eq. (1). This is analogous to the 
biological sulfate reduction to sulfide [12]. Indeed, the direct Cr (VI) bio-reduction has 
been confirmed [13]. However, most of the previous studies regarding biological Cr (VI) 
reduction focused on the indirect Cr (VI) bio-reduction [14], during which Cr (VI) is 
chemically reduced by sulfide produced from biological sulfate reduction  (see Eqs. 2 
and 3). Few studies with regard to direct Cr (VI) bio-reduction were conducted. 
Therefore, a comprehensive study on direct Cr (VI) bio-reduction is necessary to further 
provide guidance on biological Cr (VI) removal process and explore the mechanism of 
Cr (VI) removal from Cr (VI)-containing wastewater.  
 
Direct Cr (VI) bio-reduction: 
3CH2O + 4CrO42- + 7H2O → 4Cr(OH)3 + 5OH- + 3HCO3-                                        Eq. 1  
 
Indirect Cr (VI) reduction with sulfate as the electron acceptor: 
2CH2O + SO42- → H2S + 2HCO3- + 3H+                                                             Eq.  2  
2CrO4- + 3H2S + 4H+ → 2Cr(OH)3(s) + 3S0(s) + 2H2O                                      Eq. 3  
 
With the above in view, the main objectives of this study are: (1) to investigate the 
effects of pH and Cr (VI) concentrations on direct Cr (VI) bio-reduction; (2) to illustrate 
the comparison of direct and indirect Cr (VI) bio-reduction; and (3) to test the feasibility 
and long-term direct Cr (VI) bio-reduction performance in an up-flow anaerobic sludge 
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bed (UASB) reactor. To this end, several batch tests were conducted under different pH 
conditions (pH 6.0-9.0) and different initial Cr (VI) concentrations (10-50 mg/L). Direct 
Cr (VI) bio-reduction activity, extracellular polymeric substances (EPS) concentration 
and cell viability were determined before and after the batch tests. The Cr (VI) removal 
performance and EPS concentrations in the direct Cr (VI) bio-reduction UASB reactor 
were measured. Microbial community structure in the UASB reactor was also 
monitored via 454-pyrosequencing to investigate the microbial community shift in the 
UASB reactor.  
 
2.   Materials and Methods 
2.1 Sludge Source 
The sludge used in this study was withdrawn from a 1.1 L laboratory-scale UASB 
reactor for sulfate reduction-induced indirect Cr (VI) bio-reduction. Synthetic 
wastewater containing yeast, glucose and acetate (200 mg COD/L; COD: chemical 
oxygen demand), sodium sulfate (150 mg S/L) and K2Cr2O7 (50 mg Cr/L) were used as 
the feed of UASB reactor. The other composition of the synthetic wastewater was 
shown in Table S1. The reactor was run for more than half a year with a hydraulic 
retention time (HRT) of 12 h. The reactor was in steady state achieving full removal of 
Cr (VI) at the time of this study.  
 
2.2 Batch Tests 
Three sets of batch experiments were carried out for different purposes using the sludge 
taken from the above-mentioned UASB reactor. For each test, the sludge was washed 
by the synthetic wastewater for three times to remove the background substrate (i.e. 
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COD, CrO42-, SO42-, HS-/H2S). The composition of the synthetic wastewater for sludge 
washing was shown in Table S1 except that no COD, sulfate and Cr (VI) were added. 
Glucose was used as the sole organic source in the following three sets of batch tests. 1 
L-flask was used as the batch reactor for all the tests. Nitrogen gas was purged into each 
batch reactor for half an hour to exclude the dissolved oxygen and maintain the 
anaerobic condition. Afterwards, all flasks were sealed tightly with butyl rubber 
stoppers and aluminium crimp seals. The reactors were well mixed with magnetic 
stirrers (150 rpm). The temperature of each reactor was kept at 25±1 oC in an air-
conditioned room. Biomass concentration in each reactor was about 380±20 mg 
MLVSS/L (MLVSS: mixed liquor volatile suspended solids). 
 
2.2.1 Batch Test I: Effects of pH on direct Cr (VI) bio-reduction  
Batch reactors 1–4 were carried out to test the effect of pH on direct Cr (VI) bio-
reduction. The operational pH of wastewater treatment plant is typically between 6.5 
and 8.5, but may slightly go beyond this range under some circumstances. A relatively 
broad pH range of 6.0-9.0 has thus been chosen in this study to cover the possible pH 
range in Batch Test I. The pH in four reactors was adjusted to 6.0, 7.0, 8.0 and 9.0, 
respectively, by Na2HPO4/NaH2PO4 buffer solution, as shown in Table 1. Initial Cr (VI) 
and COD concentrations were 25 mg Cr (VI)/L and 100 mg COD/L, respectively, by 
adding Cr (VI) and glucose stock solution. In addition, batch reactors 5–8 were to 
evaluate the possible Cr (VI) loss through chemical adsorption (i.e. abiotic degradation 
of Cr (VI)) in batch reactors 1–4. The operating conditions of batch reactors 5–8 were 
identical to those of batch reactors 1–4 except that no sludge was added to those 
reactors. Batch reactors 9–12 were to assess the possible Cr (VI) removal not associated 
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with direct Cr (VI) bio-reduction but with biosorption. The operating conditions of 
batch reactors 9–12 were the same as those of batch reactors 1–4 except that no COD 
was added to those reactors. Detailed conditions of all 12 batch reactors can be seen in 
Table 1. The test lasted for 32 hours, during which mixed liquor was sampled regularly 
for the measurement of Cr (VI) concentration. The extracellular polymeric substances 
(EPS) concentration and cell viability were also determined before and after the 32 h 
test.  
 
2.2.2 Batch Test II: Effect of Cr (VI) concentrations on direct Cr (VI) bio-reduction 
Batch reactors 13–17 were to investigate the effect of Cr (VI) concentration ranging 
from 10 to 50 mg Cr (VI)/L on direct Cr (VI) bio-reduction. The early results showed 
that the activated sludge could tolerate 50 mg Cr (VI)/L [15]. Therefore, the maximum 
initial Cr (VI) concentration was 50 mg/L in Batch Test II. pH of each reactor was 
maintained at 8.0 by Na2HPO4/NaH2PO4 buffer solution. All the other conditions were 
the same as those in batch reactors 1-4, as shown in Table 1. The test lasted for 48 hours, 
in which mixed liquor was sampled regularly for the determination of Cr (VI) 
concentration. 
 
2.2.3 Batch Test III: Comparison of direct and indirect Cr (VI) bio-reductions 
Batch reactors 18–19 were set up to quantitatively compare the rates of indirect and 
direct Cr (VI) bio-reduction. In order to stimulate the indirect Cr (VI) bio-reduction, 
Na2SO4 stock solution was added to batch reactor 18 to result in an initial sulfate 
concentration of 100 mg S/L. At this sulfate level, Cr (VI) was estimated to be 
completely removed via indirect bio-reduction (Eqs. 2-3). pH was maintained at 8.0 in 
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both reactors with the other conditions identical to those in batch reactors 1-4 (see Table 
1). The test lasted for 4 hours, during which mixed liquor was sampled regularly for the 
measurement of sulfate concentration in batch reactor 18 and Cr (VI) concentrations in 
both batch reactors 18 and 19. 
 
In Batch Tests I, II and III, biomass-specific chromate reducing activity was derived 
from the chromate concentrations versus time (day) and normalized by the biomass 
concentration (g MLVSS/L), and reported as mg Cr (VI)/g MLVSS/d. The results 
reported are the average values of duplicates with relative standard deviation under 5%. 
 
2.3 UASB reactor set-up and operation 
The lab-scale UASB reactor with an effective volume of 0.9 L and a diameter of 45 mm 
was set up for direct Cr (VI) bio-reduction (see Fig. S1). A distributor to evenly 
distribute the UASB reactor’s influent and a three phase-separator were installed at the 
bottom and top of the reactor, respectively. The height of the sludge bed accounts for 
about two thirds of the total reactor’s height. The seeding sludge was taken from the 
above-mentioned UASB reactor for sulfate reduction induced indirect Cr (VI) bio-
reduction (i.e. the UASB reactor in Section 2.1). Influent pH was adjusted to 7.5-8.0. 
The temperature was controlled at 25±1 oC in an air-condition room. Synthetic 
wastewater containing glucose (100 mg COD/L) and K2Cr2O7 (25 mg Cr/L) were used 
as the feed of UASB reactor. The other composition of the synthetic wastewater was 
shown in Table 2. The reactor was continuously operated for 64 days with an HRT of 
24 h.  
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During the operation of the UASB reactor, the influent and effluent of the UASB 
reactor were sampled twice a week for the analysis of dissolved Cr (VI) and COD. 
Sludge samples of the UASB reactor were taken three times per month from the three 
layers of the reactor (i.e., bottom, middle and top) for the analysis of MLVSS and EPS 
concentrations. The microbial community in UASB reactor was also analyzed at the 
beginning (Day 0) and the end (Day 64) of the operation. 
 
2.4 Analytical methods 
Mixed liquor samples were taken by a 10-mL syringe and then immediately filtered 
through disposable Millipore filters (0.45 µm pore size). Total dissolved Cr (VI) 
concentration was determined by colorimetric methods according to standard method 
[16]. Sulfate was analyzed with an ion chromatograph (DIONEX-900). COD was 
measured by Hach Tech method. MLVSS concentration was measured according to 
standard method. EPS were extracted from sludge using a formaldehyde-NaOH method. 
The polysaccharide content in EPS was then quantified using the phenol-sulfuric acid 
method with glucose as the standard [17]. The protein content in EPS was determined 
from a modified Lowry colorimetric method (DC Protein Assay, BioRad) with bovine 
albumin serum as the standard [18]. pH and temperature were monitored using a multi-
meter electrode during each test (PHSJ-4F).  
 
The bacteria viability was determined by Live/Dead BacLight Bacterial Viability Kits 
(Molecular Probes). The detailed procedures could be referred to Cai and Liu [19].   
 
2.5 Microbial analysis  
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Sludge samples from the UASB reactor for direct Cr (VI) bio-reduction were collected 
at the beginning (Day 0) and the end (Day 64) of the UASB operation to analyze the 
microbial community shift. The samples were collected by centrifugation under 12000 
rpm for 10 minutes. Around 0.5 g of the pellet was weighted for each sample and stored 
at -80 oC until the DNA extraction. Genomic DNA was extracted using the PowerSoil 
DNA Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA) following the 
manufacturer’s protocols. The quality and quantity of DNA were checked with a 
NanoDrop device (ND-1000, Thermo Fisher, USA). The detailed methods of 
pyrosequencing and data analysis can be referred to Qian et al. [20]. 
 
3.   Results  
3.1 Effect of pH on direct Cr (VI) bio-reduction 
Fig. 1a shows the effect of pH (i.e. 6.0, 7.0, 8.0 and 9.0) on direct Cr (VI) bio-reduction 
in Batch Test I. Cr (VI) could be totally removed under pH 7.0, 8.0 and 9.0 during the 
32 h period. At pH 8.0, Cr (VI) was completely removed within only 18 hours, resulted 
in a direct Cr (VI) bio-reduction rate of 104 mg Cr (VI)/g MLVSS/d (derived from Fig. 
1a). This direct Cr (VI) bio-reduction rate was 2.3 times of that at pH 6.0 (45.7 mg Cr 
(VI)/g MLVSS/d), 1.5 times of that at pH 7.0 (70 mg Cr (VI)/g MLVSS/d) and 1.3 
times of that at pH 9.0 (82 mg Cr (VI)/g MLVSS/d). This suggested that the activity of 
the direct Cr (VI) -bio-reduction related enzyme was the highest at pH 8.0 among the 
studied pH levels. This is different from the results of Xu et al. [21] and Zhang and Li 
[11]. For example, using Pannonibacter phragmitetus as the inoculum, the highest 
direct Cr (VI) bio-reduction rate was achieved when pH was 9.0 [21]. However, the 
highest direct Cr (VI) bio-reduction rate of Serratia rubidaea was found at pH 7.0 [11]. 
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This might be attributed to the fact that those studies mainly focused on the pure 
cultures but our study used mix culture, which contained different microbes.  
 
EPS concentration and bacteria viability were also determined before and after 32 h 
batch tests at different pH levels (i.e. 6.0-9.0). As shown in Figs. 1b and c, increase in 
EPS concentration and decrease in bacteria viability were observed at all the tested pH 
levels (i.e. 6.0-9.0 in batch reactors 1-4). The total EPS content (protein + 
polysaccharide) increased by 37%, 41%, 65% and 44%, respectively, after 32 h tests at 
pH 6.0, 7.0, 8.0 and 9.0. It has been reported that the EPS production was stimulated by 
the change of external environment [22], which was in agreement with the results of our 
study. EPS could form a protective shield for the cells against the adverse influences 
from the external environment. Some researchers speculated that several negatively 
charged functional groups of protein and polysaccharide (i.e. carboxyl and hydroxyl) 
could combine with heavy metal cations such as Cr (VI) to form a protective barrier, 
thereby hindering the intracellular penetration of heavy metals and alleviating their 
toxicities [23]. The bacteria viability results showed that the percentage of viable 
bacteria decreased from 78% to 50-71% after exposure to 25 mg Cr (VI)/L for 32 hours 
among the tested pH levels (i.e. 6.0-9.0) (Fig. 1c). Among the four pH conditions, only 
50% of the bacteria were still alive at pH 6.0. By contrast, up to 71% of the bacteria 
were still alive at pH 8.0. This was consistent with the results of direct Cr (VI) bio-
reduction rate shown in Fig. 1a. 
 
In addition to the indirect and direct Cr (VI) bio-reduction, another two ways that may 
result in Cr (VI) removal are: 1) chemical adsorption of Cr (VI) by organic substrate, 2) 
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biosorption of Cr (VI) by microorganisms. In order to confirm whether aboitic 
adsorption and biosorption contributed to the Cr (VI) removal, the effects of adsorption 
and biosorption on Cr (VI) removal at different pH levels (i.e. 6.0-9.0) were assessed in 
the biomass-free and organic-free batch tests, respectively (see Table 1).  
 
The results revealed that no obvious loss of Cr (VI) was found in the biomass-free batch 
reactors (batch reactors 5 to 8), as shown in Fig. S2a. This indicated that the 
contribution of adsorption to Cr (VI) removal was negligible. The effect of biosorption 
on Cr (VI) removal at different pH levels (i.e. 6.0-9.0) was evaluated using biomass-free 
batch tests. The results revealed that the Cr (VI) loss at pH 6.0, 7.0, 8.0 and 9.0 were 
30%, 18%, 10% and 14%, respectively. This indicated that biosorption also played a 
role in Cr (VI) removal despite the fact that its role was insignificant compared with the 
direct Cr (VI) bio-reduction (see Fig. 1a). The highest and lowest Cr (VI) removals by 
biosorption were achieved at pH 6.0 and 8.0, respectively, which corresponded to the 
lowest and highest bacteria viability (see Fig. 1c). This might be attributed to the fact 
that viable bacteria have a lower Cr (VI) biosorption capacity in comparison with the 
dead bacteria [24]. 
 
3.2 Effect of Cr (VI) concentrations on direct Cr (VI) bio-reduction 
The effects of different Cr (VI) concentrations, ranging from 10 to 50 mg Cr (VI)/L, on 
direct Cr (VI) bio-reduction were examined with the results shown in Fig. 2. Fig. 2 
shows that the direct Cr (VI) bio-reduction rate decreased with increasing Cr (VI) 
concentrations. Specifically, the direct Cr (VI) bio-reduction rate decreased from 140 
mg Cr (VI)/g MLVSS/d at a Cr (VI) concentration of 10 mg/L to 37 mg Cr (VI)/g 
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MLVSS/d at an initial Cr (VI) concentration of 50 mg/L. This indicated that chromate 
had a toxic effect on microbes responsible for direct Cr (VI) bio-reduction. It is also 
noteworthy that as the initial Cr (VI) concentration increased from 10 to 20 mg/L, the 
biomass-specific Cr (VI) reduction rate did not change at all. But the Cr (VI) reduction 
rate decreased sharply from 142 to 90 mg Cr (VI)/g MLVSS/d when initial Cr (VI) 
concentration continued to increase from 20 to 30 mg/L. These results suggest that there 
is a threshold for the Cr (VI) toxicity effect on biomass activity and the threshold was 
20 mg/L according to our batch test results. 
 
3.3 Direct and indirect Cr (VI) bio-reductions 
The comparison between indirect and direct Cr (VI) bio-reductions was conducted in 
the batch tests with and without sulphate, respectively. According to Fig. 3, the indirect 
Cr (VI) bio-reduction rate (990 mg Cr (VI)/g MLVSS/d) was more rapidly than that 
(210 mg Cr/g MLVSS/d) of direct Cr (VI) bio-reduction. Consequently, in the presence 
of both Cr (VI) and sulfate, the indirect Cr (VI) bio-reduction was expected to dominate 
the Cr (VI) bio-reduction pathway. It should be noted that although indirect Cr (VI) bio-
reduction would dominate the Cr (VI) bio-reduction pathway, direct Cr (VI) bio-
reduction also played a quite important role in Cr (VI) removal with a Cr (VI) removal 
rate of 210 mg Cr (VI)/g MLVSS/d in this study. Therefore, it would still be quite 
useful to understand direct Cr (VI) bio-reduction, as done in this study.  
 
Since sulfate (SO42-) and chromate (CrO42-) have the similar molecular structure, both of 
them can be biologically reduced by SRB as the terminal electron acceptor through 
sulfate reduction pathway [12]. From thermodynamical point of view, Cr (VI) can be 
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directly reduced to compounds of insoluble Cr (III) under anaerobic condition by 
Desulfovibrio-like species affiliated to the SRB group and chromate-reducing bacteria. 
However, the CrO42- and SO42- reduction rates are quite different based on our results. It 
has been proved that the indirect Cr (VI) reduction rate was mainly dependent on the 
biological sulfate reduction rate [15]. As a result, the indirect Cr (VI) reduction rate is 
almost five times of the direct Cr (VI) reduction rate according to our results. Another 
reason for the much lower direct Cr (VI) bio-reduction rate should be due to the toxicity 
of Cr (VI) as the electron acceptor of bacteria respiration chain (the detailed discussion 
was shown in the following section). 
 
3.4 Performance of direct Cr (VI) bio-reduction in UASB reactor 
Fig. 4 shows the performance of the UASB reactor receiving Cr (VI) and COD 
containing wastewater. Fig. 4a shows that the Cr (VI) could be totally removed from the 
UASB from Day 7 and then its removal efficiency was stabilized at 100% afterwards 
with an influent Cr (VI) concentration of 25 mg Cr (VI)/L and an HRT of 24 h. This led 
to a Cr (VI) removal rate of 1.0 mg Cr (VI)/L/h, indicating that direct Cr (VI) bio-
reduction was quite effective in Cr (VI) removal. Assessed by the one-way ANOVA test 
with p <  0.01, the Cr (VI) was significantly bio-reduced with the organics as the 
electron donors by anaerobic sludge in UASB reactor. In terms of EPS, the 
concentrations of both protein and polysaccharide in the UASB reactor increased as a 
function of time. This indicated that the new environment might stimulate the EPS 
production. Also, it was found that the effluent pH of UASB (ranging from 8.2 to 8.6) 
was higher than the influent pH (ranging from 7.5 to 8.0, data not shown here). This 
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might be attributed to the alkalinity production and acidity consumption in the direct Cr 
(VI) bio-reduction process (see Eq. 1).  
 
3.5 Microbial community shift in the sludge of UASB reactor 
Approximately 14324 and 11324 raw pyrosequencing reads of the 16S rRNA gene were 
obtained from the sludge samples on Day 0 and Day 64, respectively. After quality 
filtering, approximately 12126 and 8760 reads with an average read length of 378 bp 
were used for subsequent analyses. The sequences were clustered into 6484 and 4506 
operational taxonomic units (with ≥ 97% pairwise sequence identity) for the respective 
two samples (Table S3). 
 
15 bacterial phyla were recovered from the two sludge samples in total. The majority of 
16s rRNA gene sequences belong to Firmicutes, whose level increased from 
approximately 38% to 77% (Fig. S3a). Although Proteobacteria were also observed at a 
high level, it dropped from 21% to 9% after two months. On a finer scale, the 16s rRNA 
sequences were classified into 30 classes (Fig. S3b). When transferred from indirect Cr 
(VI) bio-reduction condition to direct Cr (VI) bio-reduction condition, the class of 
Bacilli dramatically increased from 32 to 74%. This corresponded to the decrease of 
Deltaproteobacteria from 12 to 5%. The remarkable shift of the bacterial community 
suggested the possibility of the Bacilli out-competitiveness in the direct Cr (VI) bio-
reduction environment.  
 
At genus level, Trichococcus was dominant in the direct Cr (VI) bio-reduction reactor. 
Its population increased from 28% in the beginning (Day 0) to 72% at the end of the 
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reactor operation (Day 64) (Fig. 5). Trichococcus could degrade the complex organics 
to the simple ones such as short-chain fatty acids. It has been reported that Trichococcus 
were major fermenting genera under Cr (VI)-existing condition and can tolerate higher 
concentrations of heavy metal than other fermenters [25]. The sharp increase in this 
fermenter’s population may be due to the fact that the influent organics was transformed 
from both complex (glucose and yeast) and simple organics (acetate) in the indirect Cr 
(VI) bio-reduction reactor to complex organics only (glucose) in the direct Cr (VI) bio-
reduction reactor. Initially, SRB groups, including Desulfobulbus, Desulfovibrio and 
Desulfobacter-like species accounted for 11% of total sequences (Fig. 5). They are 
responsible for carrying out the sulfidogenic reaction in the indirect Cr (VI) bio-
reduction reactor where the seeding sludge was from. After 64 days’ operation, the total 
SRB population decreased to 5%, in which Desulfovibrio, a genus that can do direct 
CrO42- reduction, accounted for 3%. Ochrobactrum and Anaerovorax are another two 
direct Cr (VI) reducing-related genera. It has been reported that the Ochrobactrum-like 
species could reduce Cr (VI) under a wide range of temperatures (25–40◦C) and pH (7–
11) [26]. In addition, Anaerovorax was also proved to be functional bacteria involved in 
direct Cr (VI) bio-reduction in tannery wastewater treatment [27]. Besides, Arthrobacter 
has also been reported to be the most activated isolates in direct Cr (VI) biosorption in 
electroplating wastewater treatment and could tolerate Cr (VI) concentration up to 700 
mg/L [28]. All of them were not detected in the UASB reactor on Day 0. However, 
Ochrobactrum, Anaerovorax and Arthrobacter all appeared and accounted for 2%, 1% 
and 2% of the microbial community, respectively, after 64 days’ operation. This 
suggested the evolution of microbial community and their special adaptability under the 
direct Cr (VI) bio-reduction condition. 
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4.   Discussion 
4.1 Direct Cr (VI) bio-reduction via enzyme-driven reaction 
Both soluble and membrane-associated enzymes of the electron transfer system 
involved in direct Cr (VI) bio-reduction have been isolated. They were reported to 
mediate chromate reduction as a fortuitous process coupled to the oxidation of certain 
electron donor substrates under anaerobic conditions [29]. In this biochemical reaction, 
Cr (VI) serves as the terminal electron acceptor of an electron transfer chain that 
frequently involves cytochromes (e.g., b and c). Cr (VI) has much stronger mobility 
than Cr (III) and can cross the cell membranes relatively easily. Once inside the cells, 
Cr (VI) is readily to be reduced to Cr (III), which then may exert diverse effects in the 
cytoplasm [30]. Some microbial species have been shown to obtain energy for growth 
using Cr (VI) as a respiratory electron acceptor, conserving energy from Cr (VI) 
reduction coupled to the oxidation of organic acids or H2 [31]. So the direct application 
of Cr (VI) reductases may be a promising approach for effective removal of Cr (VI) in a 
wide range of environments. Although biological Cr (VI) reduction has been reported 
previously, from the theoretical point of view, the new contributions of this study are: 1) 
the effects of pH and Cr (VI) concentrations on direct Cr (VI) bio-reduction were 
investigated; 2) the comparison of direct and indirect Cr (VI) bio-reduction was 
illustrated; and 3) the feasibility and long-term direct Cr (VI) bio-reduction performance 
in an up-flow anaerobic sludge bed (UASB) reactor was demonstrated.  
 
As an important factor influencing the enzyme-mediated biochemical reaction, the pH 
effect on direct Cr (VI) bio-reduction was tested at pH 6.0-9.0. Direct Cr (VI) bio-
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reduction rate at pH 8.0 was higher than those at pH 6.0, 7.0 and 9.0. This indicated that 
the enzyme responsible for direct Cr (VI) bio-reduction has an optimal activity at pH 
8.0. Also, direct Cr (VI) bio-reduction was successfully demonstrated in the UASB 
reactor in our study. It should be noted that we only conducted an exploratory study on 
the direct Cr (VI) bio-reduction by anaerobic sludge in this study. Therefore, only the 
individual effects, such as pH, initial Cr (VI) concentrations alone were assessed in this 
manuscript. The interaction effects on direct Cr (VI) bio-reduction, such as the co-
effects of pH and initial Cr (VI) concentrations on direct Cr (VI) bio-reduction activity 
will be carried out in the future. 
 
4.2 Toxicity of Cr (VI) to microorganisms 
Despite the fact that Cr (VI) could be enzymatically reduced and energy can be 
conserved by the chromate-reducing related bacteria from the bio-reduction, the toxicity 
of Cr (VI) to the microorganisms cannot be overlooked. More specifically, the generally 
accepted mode of direct Cr (VI) bio-reduction metabolism (as chromate, CrO42-) consist 
of its efficient uptake by cells via anion channels (e.g. sulfate pathway), and subsequent 
reactions with intracellular reductants (such as glutathione, ascorbate, or NAD(P)H). 
This may generate highly reactive and potentially DNA-damaging intermediates, 
including Cr (V) and Cr (IV) species and organic radicals [32]. As a result, these 
reactions result in the formation of protein-Cr (III)-DNA and DNA- Cr (III)-DNA cross-
links, both of which are highly stable and strongly disruptive to the transcription process. 
In our study, the cell death of 29 to 50% were observed under the different pH 
conditions (see the results of Batch Test I) and direct Cr (VI) bio-reduction rate 
decreased by 74% when the initial Cr (VI) concentration increased from 10 to 50 mg Cr 
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(VI)/L (see the results of Batch Test II). A majority of bacteria cannot tolerate high 
concentrations of chromate, in which SRB are more sensitive to the toxicity of Cr (VI) 
[33]. The SRB population was decreased from 11to 5% at genus level in the direct Cr 
(VI) bio-reduction reactor after 64 days’ operation (see microbial results). On the 
contrary to the points that direct Cr (VI) reduction could be an effectively pathway for 
Cr (VI) removal, the metabolic direct bio-reduction cannot proceed due to the high 
toxicity of Cr (VI), and direct Cr (VI) reduction to Cr (III) by Acidiphilium cryptum is 
not energy conserved [34]. Reviewing the above pros and cons, further studies on Cr 
(VI) toxicity to microorganism with high Cr (VI) dosage and Cr (VI) reduction 
activities under high Cr (VI) loading rates will be conducted, in order to shed light on 
the direct Cr (VI) reduction in the mixed cultures, especially in the field of applicability 
for Cr (VI)-containing wastewater treatment. 
 
5. Conclusions 
This study presented a systematic study on direct Cr (VI) bio-reduction by anaerobic 
sludge through batch and long-term tests. According to the batch tests results, the 
highest direct Cr (VI) bio-reduction rate of 104 mg Cr (VI)/g MLVSS/d was achieved at 
pH 8.0. And the direct Cr (VI) bio-reduction rate decreased with the increased initial Cr 
(VI) concentration. In the direct Cr (VI) bio-reduction reactor, biosorption could also 
play a role in Cr (VI) removal although it was insignificant. Based on the long-term 
tests in UASB reactor, direct Cr (VI) bio-reduction could be achieved in UASB reactor 
with a Cr (VI) removal rate of 1.0 mg Cr (VI)/L/h. And Desulfovibrio, Ochrobactrum 
and Anaerovorax were the primary genera related to Cr (VI) bio-reduction in the USAB 
reactor. 
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duplicate tests. The control sample (pH=8.0) is the seeding sludge from indirect Cr (VI) 
reduction reactor. 
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Figure 2 (a) Direct Cr (VI) bio-reduction under different initial Cr (VI) concentrations 
and (b)  Cr (VI) removal efficiency in Batch Test II. Error bars show the standard 
deviations from the duplicate tests. 
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Figure 3 Cr (VI) removal in indirect Cr (VI) bio-reduction and direct Cr (VI) bio-
reduction reactors in Batch Test III. Error bars show the standard deviations from the 
duplicate tests. 
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Figure 4 Performance of Cr (VI) removal through direct Cr (VI) bio-reduction in 
UASB reactor; (b) EPS (including polysaccharide and protein) profile during UASB 
reactor’s operation. Error bars show the standard deviations from the duplicate tests. 
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Figure 5 Relative abundance and phylogenetic relationships of different genera 
retrieved from the two sludge samples (the phylogenetic relationships were calculated 
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by visualizing as a heatmap and using MeV software. The color indicates the percentage 
of a genus in total sequences). 
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Table 1. Conditions of the three batch tests 
Batch 
Test 
NO. 
   Batch    
  Reactor  
pH Initial Cr (VI) 
concentration 
(mg/L) 
Initial COD 
concentration 
(mg/L) 
Initial SO42- 
concentration 
(mg S/L) 
Biomass 
I Cr (VI), organics, biomass-containing reactors: 
        1 6.0   25 100 0 + 
        2 7.0   25 100 0 + 
        3 8.0   25 100 0 + 
        4 9.0   25 100 0 + 
Biomass-free reactors: 
5 6.0   25 100 0 – 
6 7.0   25 100 0 – 
7 8.0   25 100 0 – 
8 9.0   25 100 0 – 
Organics-free reactors: 
9 6.0   25 0 0 + 
10 7.0   25 0 0 + 
11 8.0   25 0 0 + 
12 9.0   25 0 0 + 
II 13 8.0   10 100 0 + 
14 8.0   20 100 0 + 
15 8.0   30 100 0 + 
16 8.0   40 100 0 + 
17 8.0   50 100 0 + 
  
 34
III 18 (indirect Cr (VI) 
bio-reduction) 
7.5   25 100 100 + 
19 (direct Cr (VI) 
bio-reduction 
7.5   25 100 0 + 
“+” or “–” indicate that biomass is present or absent in the batch reactor, respectively 
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Table 2. Composition of synthetic wastewater for UASB reactor conducting direct Cr 
(VI) bio-reduction 
Element Concentration (g/L) Trace elements Concentration (g/L) 
Glucose 0.094 FeCl3·6H2O 0.10 
K2Cr2O7 0.07 H3BO3 0.01 
NH4Cl 0.92 CuSO4 0.002 
K2HPO4 0.10 KI 0.004 
KH2PO4 0.04 MnSO4·4H2O 0.01 
MgCl2·6H2O 0.42 ZnSO4·7H2O 0.01 
CaCl2 0.26 CoCl2·6H2O 0.01 
NaHCO3 0.78   
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 Highest direct Cr(VI) bio-reduction activity is achieved at pH 8.0  
 Direct Cr(VI) bio-reduction activity decreased with increased Cr(VI) concentration  
 Direct Cr(VI) bio-reduction rate is slower than the indirect one  
 Direct Cr(VI) bio-reduction at 1.0 mg Cr (VI)/L/h is demonstrated in UASB 
reactor 
 Desulfovibrio, Ochrobactrum and Anaerovorax cause direct Cr(VI) bio-reduction  
 
